Entamoeba histolytica trophozoites adhere to epithelium at the cell-cell contact and perturb tight junctions disturbing the transepithelial electrical resistance. Behind tight junctions are the adherens junctions (AJs) that reinforce them and the desmosomes (DSMs) that maintain the epithelium integrity. The damage produced to AJs and DMSs by this parasite is unknown. Here, we studied the effect of the trophozoites, the EhCPADH complex, and the EhCP112 recombinant enzyme (rEhCP112) on AJ and DSM proteins. We found that trophozoites degraded β-cat, E-cad, Dsp l/ll, and Dsg-2 with the participation of EhCPADH and EhCP112. After contact of epithelial cells with trophozoites, immunofluorescence and transmission electron microscopy assays revealed EhCPADH and rEhCP112 at the intercellular space where they colocalised with β-cat, E-cad, Dsp l/ll, and Dsg-2. Moreover, our results suggested that rEhCP112 could be internalised by caveolae and clathrin-coated vesicles. Immunoprecipitation assays showed the interaction of EhCPADH with β-cat and Dsp l/ll. Besides, in vivo assays demonstrated that rEhCP112 concentrates at the cellular borders of the mouse intestine degrading E-cad and Dsp I/II. Our research gives the first clues on the trophozoite attack to AJs and DSMs and point out the role of the EhCPADH and EhCP112 in the multifactorial event of trophozoites virulence.
monocytogenes interacts with E-cad (Bonazzi, Lecuit, & Cossart, 2009) 
,
Helicobacter pylori cleaves E-cad and β-cat (Murata-Kamiya et al., 2007) and Shigella flexneri, by its IpaC protein binds to the C-terminal domain of β-cat (Shaikh, Terajima, & Watanabe, 2003) . AJs and DSMs are altered by the intestinal protozoan Giardia duodenalis (Maia-Brigagao et al., 2012) and Trichomonas vaginalis damages E-cad (Chavez, Knaippe, Gonzalez-Mariscal, & Martinez-Palomo, 1986; da Costa, de Souza, Benchimol, Alderete, & Morgado-Diaz, 2005) , to mention few examples.
Here, we have in vivo and in vitro studied the effect of trophozoites, the EhCPADH complex, and the EhCP112 recombinant enzyme (rEhCP112) on AJ and DSM proteins. Our results showed that trophozoites degrade β-cat, E-cad, Dsp l/ll, and Dsg-2, and the EhCPADH complex, in particular, the EhCP112 protease, participates in the damage production. First, to establish the system, we used trophozoites and the purified rEhCP112 protein. In epithelial cells, EhCPADH, and rEhCP112 localised at the intercellular space and appeared in caveolae and clathrin-coated vesicles. Immunoprecipitation assays revealed the interaction of EhCPADH with β-cat and Dsp l/ll. Relevantly, in vivo assays demonstrated that rEhCP112 concentrates at the cellular borders of the mouse intestine, where it damages AJs and DSMs, degrading E-cad and Dsp I/II.
| RESULTS AND DISCUSSION
2.1 | E. histolytica degrades AJ and DSM proteins E. histolytica trophozoites drop TEER in MDCK cell monolayers and degrade occludin, claudin-1, ZO-1, and ZO-2 proteins (Betanzos et al., 2013; Martinez-Palomo et al., 1985) , and later, cells appeared with overall damage. AJs and DSMs are below TJs, but the damage produced by trophozoites to them has not been studied yet, neither in vivo nor in vitro. Here, to set up the system, we investigated the effect of trophozoites on β-cat, E-cad, Dsp l/ll, and Dsg-2 proteins, using the widely characterised MDCK cell monolayers, because they constitute a well polarised epithelium and there is previous knowledge on the E. histolytica damage to these cells (Cereijido, Robbins, Dolan, Rotunno, & Sabatini, 1978; Martinez-Palomo et al., 1985) . In western blot (WB) assays, using MDCK cells, α-β-cat antibody recognised a 92 kDa protein (Ozawa, Baribault, & Kemler, 1989) . The amount of this protein diminished in 90% after 2 min, and β-cat disappeared after 10 min incubation with trophozoites ( Figure 1a , left panel). In these experiments, α-E-cad antibody detected a 120 kDa band (Hartsock & Nelson, 2008) , and similarly, after incubation of MDCK cells with trophozoites, the amount of this protein diminished in more than 50% since 2 min and disappeared after 30 min ( Figure 1a , left panel).
On the other hand, in MDCK cell extracts, α-Dsp l/ll antibody recognised 250 (Dsp I) and 210 (Dsp II) kDa bands (Schwarz, Owaribe, Kartenbeck, & Franke, 1990) . The α-Dsg-2 antibody, revealed a 150 kDa band (Garrod, 1993; Figure 1a recovery of AJ and DSM proteins, and they also evidenced that AJ proteins are more susceptible than DSM proteins to the damage caused by trophozoites ( Figure 1b) . Besides, results showed that E-cad and Dsg-2, integral membrane proteins, were less affected in comparison to β-cat and Dsp I/II, cortical proteins. Degradation of cortical proteins could be due to the entrance of unidentified parasite molecules to the cell.
Another hypothesis to explain this is that cortical proteins are degraded by the uncoupling or shedding (Kamekura et al., 2015) of intercellular molecules exposed to the extracellular space (Figure 1b ).
Trypanosoma cruzi also delocalises and degrades N-cadherin and β-cat in cardiomyocytes, resulting in loss of cardiac tension during infection (de Melo, Meirelles Mde, & Pereira, 2008) . Other example is the Staphylococcus aureus exfoliative toxin A (a serine protease) that removes the amino-terminal extracellular domain of Dsg-1 and delocalises it from cellular borders, promoting the epidermal blister formation (Nishifuji, Shimizu, Ishiko, Iwasaki, & Amagai, 2010) . Previous studies have shown that E. histolytica is able to contact AJs and damages α-catenin (Lauwaet et al., 2003; Leroy et al., 1995) . Here, we found degradation of β-cat and E-cad by E. histolytica trophozoites.
Besides, this is the first report about desmosomal protein damage caused by live trophozoites.
2.2 | α-EhCPADH antibody protects β-cat, E-cad, and Dsp l/ll against degradation by trophozoites According to the AmoebaDB (http://amoebadb.org/amoeba/), E.
histolytica trophozoites have 50 cysteine proteases (Bruchhaus, Loftus, Hall, & Tannich, 2003; Ocádiz et al., 2005; Sajid & McKerrow, 2002) , other type of proteases (Tillack et al., 2007) , and other virulence molecules, such as amoebapores (Leippe, 1997) that destroy target cells.
Some of these molecules could act alone or in a coordinated manner during the host cell attack. Our previous results have shown the participation of the EhCPADH complex in TJs disruption (Betanzos et al., 2013) . To evaluate whether the EhCPADH complex is involved in AJ and DSM protein damage (Figure 1) . we preincubated the trophozoites with an α-EhCPADH monoclonal antibody (mEhCPADH) before contact with the epithelial cells (Arroyo & Orozco, 1987) . MDCK cells incubated with pretreated trophozoites were lysed and analysed by WB. Results showed that mEhCPADH antibody protected β-cat, E-cad, and Dsp I/II; however, it did not avoid Dsg-2 degradation, suggesting the participation of other trophozoites molecules in this event.
The α-EhVps32 antibody (Avalos-Padilla et al., 2015) , used as a nonrelated antibody, did not protect AJ and DSM proteins. In contrast, protease inhibitors prevented degradation of all proteins (Figure 2 ).
These results strongly suggest the specific participation of EhCPADH in the damage produced to AJ and DSM junctions, as it occurs in TJs (Betanzos et al., 2013) . By the effect of the protease inhibitors, it is plausible to assume that EhCP112 is participating in this damage. For these experiments, we used trophozoite extracts to allow a better accessibility of the complex to the epithelium. Immediately after the incubation (30 sec), the complex was found mainly at the MDCK cells microvilli area and along the apical membrane (Figure 3a) . Then, 5 min later, EhCPADH appeared just between two cells at theTJs region (Figure 3b ). Later, it was distinguished in areas that correspond to DSMs and others that could be AJ structures (Figure 3c,d) . Finally, at 30 min, when cells appeared with general damage, the complex was detected in the cytoplasm (Figure 3e ). Thus, we hypothesised that the EhCPADH complex penetrates the intercellular space in epithelia, reaches AJs and DSMs after TJs opening, and then, it enters the cells.
| The EhCPADH complex colocalises with AJ and DSM proteins
TEM images showed that the EhCPADH complex appeared close to AJs and DSMs after contact of MDCK monolayer with trophozoite extracts (Figure 3) . Next, we explored whether the complex, in MDCK cells in contact with live trophozoites, colocalises with AJs and DSMs using as markers α-β-cat, α-E-cad, α-Dsp I/II, and α-Dsg-2 antibodies. To trace the complex, we used mEhCPADH or rabbit polyclonal (pEhCPADH) primary antibodies (Rigothier, Garcia-Rivera, Guaderrama, & Orozco, 1992) not degrade E-cad and β-cat in Caco-2 cells, but E-cad and desmocollin alter their localization, exhibiting a punctual pattern, close to the parasite's adhesion site (Maia-Brigagao et al., 2012; da Costa et al., 2005 ).
An interesting finding in this work was the presence of β-cat, and Dsp I/II in the nucleus after trophozoite contact ( Figure 1S ), suggesting a nuclear function due to the trophozoite stimulus. In fact, infection by Helicobacter pylori provokes β-cat translocation to the nucleus through binding of this protein to Tcf/LEF factor, promoting transcription of some genes involved in carcinogenesis (Costa, Leite, Seruca, & Figueiredo, 2012) and of the zo-1 and claudin-1 genes (Miwa et al., 2001 ). As far as we know, there are not experimental reports on Dsp l/ll translocation to the nucleus, and therefore, neither on the role of these proteins there. However, bioinformatics reports predict that Dsp I/II could be localised at the nucleus (http://compartments. jensenlab.org/Search (access number: ENSP00000369129), but it is clear that the significance of the nuclear localisation of β-cat, and Dsp I/II proteins after incubation with trophozoites, needs further analysis.
These results, altogether, give evidence that EhCPADH complex in live trophozoites and in trophozoites extracts reaches AJs and DSMs.
| The EhCPADH complex interacts with β-cat and Dsp I/II
Previous results demonstrated the interaction between EhCPADH and TJ proteins (Betanzos et al., 2013) ; in addition, the confocal images for 30 min with trophozoites were immunoprecipitated using pEhCPADH antibody. To maintain protein-protein association, before immunoprecipitation, we added protease inhibitors, and then, immunoprecipitates were submitted to WB assays. The EhCPADH complex bound to β-cat and Dsp I/II, whereas E-cad and Dsg-2 were not detected, suggesting no association of the complex with these proteins ( Figure 6A ). In these experiments, the α-β-cat antibody recognised a 92 and 120 kDa doublet. The 92 kDa band comigrated with β-cat in MDCK cells that were not in contact with trophozoites, whereas the 120 kDa band could correspond to the p120-catenin, which has similarities with the N-terminus of β-cat (Reynolds, Herbert, Cleveland, Berg, & Gaut, 1992) , and it could be enriched in the immunoprecipitates. It is also possible that the 120 kDa band could be due to the interaction of β-cat with other unidentified proteins. Besides, this band could correspond to a putative ubiquitinated β-cat, as it has been reported that occurs during Salmonella invasion to HeLa cells (Sun, Hobert, Rao, Neish, & Madara, 2004) . TEM assays corroborated that the EhCPADH complex appeared near to β-cat and Dsp l/ll ( Figure 6 b), as it was observed in laser confocal microscopy assays (Figures 4 and 5). These findings suggest that EhCPADH associate with AJ and DSM proteins in a direct or indirect manner.
| The EhCP112 protease degrades AJ and DSM proteins
The pEhCPADH antibody protected β-cat, E-cad, and Dsp l/ll from degradation by trophozoites; thus, we considered that EhCP112, the protease that forms part of the complex, could be, at least partially, responsible for AJ and DSM protein damage. To probe this, the EhCP112 recombinant protein was produced as a precursor protein (rEhCP112p) and activated with β-mercaptoethanol (rEhCP112a; Quintas-Granados, Orozco, Brieba, Arroyo, & Ortega-López, 2009 ). In MDCK cells incubated with rEhCP112a, the amount of β-cat, E-cad, Dsp l/ll, and Dsg-2 diminished, and the effect was time dependent, whereas, tubulin remained unchanged at the analysed times (Figure 7 a). Densitometry corroborated that, in general, damage caused by rEhCP112a was time dependent and less aggressive for integral than for cortical AJ and DSM components. These differences are better appreciated at 10 min and agree with results obtained from experiments performed with live trophozoites (Figure 1 ).
To compare the damage produced by the protease in different cell lines, we assessed the effect of rEhCP112a on human intestinal Caco-2 cells. WB analysis revealed that the protease produced similar damage Live trophozoites affected β-cat, E-cad, Dsp l/ll, and Dsg-2 proteins after 10 min contact with MDCK cells (Figures 1 and 7) . Thus, the effect of other parasite components on these junctions cannot be excluded. rEhCP112a concentration used here could also explain differences between trophozoites and the enzyme effects, or it is also possible that to be more efficient, rEhCP112a requires the
The EhCPADH complex colocalises with adherens junction components in MDCK epithelial cells. Confocal microscopy of MDCK cell monolayers incubated for 2 and 30 min with trophozoites and then treated with pEhCPADH and (a) α-β-cat or (b) α-E-cad antibodies followed by the corresponding secondary antibodies. Arrows, protein localization at cellular borders; arrowheads, colocalization of EhCPADH and β-cat or E-cad. (c) MDCK cells incubated for 30 min with trophozoites and then treated with rabbit and mouse preimmune sera (PS), followed by the corresponding secondary antibodies. Bar = 10 μm; ph c = phase contrast The EhCPADH complex colocalises with DSM components. Confocal microscopy of MDCK cell monolayers incubated for 2 and 30 min with trophozoites and then treated with pEhCPADH and (a) α-Dsp I/II or (b) α-Dsg-2 antibodies, followed by the corresponding secondary antibodies. Arrows, protein localization at cellular borders. Arrowheads, colocalization of EhCPADH and Dsp I/II or Dsg-2. (c) MDCK cells incubated for 30 min with trophozoites and then treated with rabbit and mouse preimmune sera (PS), followed by the corresponding secondary antibodies. Bar = 10 μm; ph c = phase contrast participation of other proteins, such as EhADH (Arroyo & Orozco, 1987) , Gal/GalNAc lectin (Petri et al., 2002) , other cysteine proteases (Hou, Mortimer, & Chadee, 2010; Matthiesen et al., 2013) , amoebapores (Leippe, 1997) , or others.
| The rEhCP112 protease penetrates by the paracellular pathway in MDCK cell monolayers
We found that the EhCPADH complex penetrated the epithelial intercellular space (Figure 3 ). To explore whether rEhCP112 reaches AJs and DSMs, after breaching TJs, we used the precursor enzyme 2.8 | The rEhCP112p protease enters by caveolae and clathrin-coated vesicles in MDCK cell monolayers Several pathogens and their molecules enter host cells through lipid microdomains, known as caveolae and clathrin-coated vesicles (Machado et al., 2012; Moreno-Ruiz et al., 2009; Rosenberger, Brumell, & Finlay, 2000; Veiga et al., 2007) . To determine whether EhCP112 is being internalised into the epithelial cells by these lipid microdomains, first, MDCK cells were incubated for 1 min with rEhCP112p and then processed for TEM assays using the α-EhCP112 antibody. Some TEM images showed the protease in vesicles, close to the apical membranes, whereas in others, the protease appeared in vesicles inside the cell, frequently close to the intercellular space (Figure 9a ). Caveolin-1 and clathrin localise at membrane caveolae or clathrin-coated vesicles, respectively, and are commonly used as markers for these structures (Machado et al., 2012; Veiga et al., 2007) . To investigate whether the rEhCP112p was in caveolae or clathrin-coated vesicles, epithelial cells were rEhCP112p-treated and processed for immunofluorescence assays using the α-caveolin-1 or α-clathrin antibodies. rEhCP112a was mainly found at the MDCK cellular borders, exhibiting rosary beads distribution and colocalising with both caveolin-1 and clathrin (Figure 9b) . In some regions, rEhCP112p appeared surrounded by caveolin-1 and clathrin vesicles. These results suggest that rEhCP112p could be internalised by caveolae and clathrin-coated vesicles, as it has been demonstrated for other pathogens. In particular, T. cruzi parasitophorous vacuole colocalises with macrophages flotillin 1 and caveolin-1 (Barrias, Dutra, De Souza, & Carvalho, 2007) and Leishmania chagasi colocalises with caveolin-1 during entry (Machado et al., 2012) . L. monocytogenes uses the bacterial protein InlA to interact with E-cad, hijacking the host AJ machinery, and invading the cell by a clathrin-dependent mechanism (Bonazzi et al., 2012). FIGURE 8 rEhCP112p reaches the AJ and DSM regions. Confocal microscopy (zy-planes) of MDCK cells incubated for different times with 10 μg of rEhCP112p coupled to Alexa 647 (magenta); then, cells were incubated with (a) α-β-cat (green) or α-E-cad (cyan) or (b) α-Dsp I/II (green) or α-Dsg-2 (cyan), followed by the corresponding secondary antibodies. Nuclei (blue) were DAPI stained. Arrows, protein colocalisation at the AJ and DSM regions. Bar = 10 μm 2.9 | rEhCP112a degrades AJ and DSM proteins in the mouse colon epithelium Our results showed that damage produced by rEhCP112a on AJs and DSMs of MDCK and Caco-2 cells resembles. In both cell types, β-cat, E-cad, Dsp l/ll, and Dsg-2 were degraded at different level upon incubation with the protease. Next, to investigate in vivo the effect of the protease, we used the intestinal amoebiasis murine model (Kissoon-Singh, Moreau, Trusevych, & Chadee, ). Anaesthetised mice were rectally inoculated with 50 μg of rEhCP112a, and after 30 min, Evan's blue dye was injected in the caecum to evaluate the permeability of the dye through the epithelium (Lange, Delbro, & Jennische, 1994) . After 30 min, Evan's blue dye permeability was limited to the distal part of the colon, suggesting that the protease only reached this region (Figure 10a) . Therefore, the colon was divided in two segments (distal and proximal to the caecum) to analyse the damage produced by the enzyme on AJ and DSM proteins. WB assays showed that in the distal region, the protease did not modify β-cat but degraded the E-cad mature form (120 kDa band), whereas the E-cad precursor protein (135 kDa band; Shore & Nelson, 1991) was scarcely affected. Dsp l/ll also appeared degraded, but Dsg-2 did not present changes in comparison with the control. The effect of live trophozoites was very similar to the one produced by the protease. In contrast to the distal region, proteins of the proximal one exhibited slight damage after rEhCP112a or trophozoites inoculation (Figure 10b-d) . These experiments show that the damage on AJs differed between the in vivo model and epithelial cells lines, because β-cat was degraded in MDCK and Caco-2 cells, but not in the mouse epithelium. Distinctly to AJs, DSMs were similarly affected in cell culture monolayers and in the mouse, where Dsp I/II were degraded and Dsg-2 poorly affected. This could be explained by the complexity of the animal tissue, which is covered by a mucin layer limiting the specific interaction of the enzyme with the epithelium. In addition, EhCP5 and others E. histolytica cysteine proteases cleave the intestine mucin-2 in its C-terminal domain and dissolve the protective colonic mucus gel (Hellberg, Nowak, Leippe, Tannich, & Bruchhaus, 2002; Lidell, Moncada, Chadee, & Hansson, 2006) . Besides, the defence mechanism of the host might be playing a pivotal role. E.
histolytica invasion results in a mucosal inflammatory response, inducing neutrophil apoptosis and suppressing respiratory burst or nitric oxide (NO) production from macrophages (Begum et al., 2015) , whereas TNF-α stimulates neutrophils and macrophages to release ROS and NO to fight the parasite. An excess of TNF-α can result in direct damage to host tissues (Moonah, 2013) . In vitro experiments involving exposure of cultured human bronchial epithelial cells to inflammatory cytokines revealed that TNF-α treatment resulted in the internalisation and a decreased expression of Dsg-2 (Zuckerman, 2008) , evidencing differential response to distinct stimuli. Furthermore, pro-inflammatory cytokines as TNF-α and IL-1β promote cleavage and shedding of E-cad, Dsg-2, and desmocollin-2 in intestinal epithelial cells (Kamekura et al., 2015) . Moreover, in these assays, we analysed lysates To obtain further evidence that rEhCP112a affected deeper intercellular junctions in colonic tissue, we performed immunofluorescence assays using α-EhCP112 and α-E-cad antibodies. α-EhCP112 antibody recognised only the epithelium of mice inoculated with the enzyme, staining the cellular borders, but not the epithelium of mice inoculated with refolding buffer. α-E-cad antibody revealed the typical pattern of E-cad in control tissues, but after rEhCP112a treatment, it greatly diminished and lose its organisation (Figure 11a ). The remnant E-cad colocalised in some points with the enzyme. Quantification of E-cad and rEhCP112 fluorescence displayed a reduction of E-cad in the colon of mice treated with rEhCP112a (Figure 11b ). These data corroborate the damage produced by rEhCP112a on AJs, in the murine intestinal model (Figure 11 ).
In conclusion, our results in this paper and the results from others give experimental evidence that during epithelial invasion (Figure 12 ).
(a) E. histolytica trophozoites bind to and degrade colonic mucin layer with the participation of several molecules such Gal/GalNAc lectin and cysteine proteases (Begum et al., 2015; Chadee, Petri, Innes, & Ravdin, 1987) . (b) Parasite poses at the intercellular space of epithelial cells (Martinez-Palomo et al., 1985) . (c) Then, virulence molecules are exposed at the parasite plasma membrane, or secreted (ChavezMunguia et al., 2012; Petri et al., 2002; Rosales-Encina et al., 1987) , among them the EhCPADH complex including the EhCP112 protease (García-Rivera et al., 1999) . (d) EhCPADH and the protease reach TJs (Figure 3 and 8) , probably together with other molecules such as EhADH (Arroyo & Orozco, 1987) and PGE 2 (Lejeune et al., 2011) . (e) The first cellular structure affected by trophozoites are TJs, due to claudin-1, claudin-2, and occludin degradation (Betanzos et al., 2013) .
FIGURE 10 rEhCP112a damages AJ and DSM proteins of the mice colonic epithelium. C57/BL6 mice were rectally inoculated with 50 μg of rEhCP112a and after 30 min, the damage in the colonic epithelium was evaluated. n = 6. (a) Representative images of distal and proximal portions of the colon after Evan's blue staining. WB assays of (b) distal and (c) proximal colonic epithelium using the antibodies indicated at left; c, animals inoculated only with refolding buffer; rEhCP112, animals inoculated with rEhCP112a; T, animals inoculated with 10 6 trophozoites. as it has been described in other pathogens (Conner & Schmid, 2003; Veiga et al., 2007) .
E. histolytica induces host cell death by autophagy and caspase 3-like mediated apoptosis (Betanzos et al., 2013; Huston et al., 2000) and also extracellular matrix remodelling with the CP-A5 contribution (Thibeaux et al., 2014) . The E. histolytica colonisation of mucosa and epithelium triggers a robust inflammatory response mediated by proinflammatory cytokines (e.g., IL-1β, IL-8 and TNF-α) and the NLRP3 inflammasome activation (Begum et al., 2015; Mortimer, Moreau, Cornick, & Chadee, 2015) .
In L. monocytogenes (Mengaud, Ohayon, Gounon, Mege, & Cossart, 1996), S. flexneri (Shaikh et al., 2003) , H. pillory (Costa et al., 2012) , and Clostridium botulinum (Sugawara et al., 2010) , the intercellular junctions proteins act as target receptor counterparts. In E.
histolytica, the target cell molecules participating as receptor counterparts are almost unknown; however, intercellular junction components could be used as host ligands. In addition, the actin and myosin cytoskeleton (Guillen, 1996) involved in movement, phagocytosis, and membrane exchange are fundamental for parasite invasion. Rabs molecules are also players in the trophozoites attack to the target cell, modulating and carrying other proteins (Juarez et al., 2001;  Saito-Nakano, Yasuda, Nakada-Tsukui, Leippe, & Nozaki, 2004) . The study of the precise role of each one of the molecules in these events is crucial to understand the virulence of the parasite and defeat amoebiasis. Figure 9 were processed for immunofluorescence using α-E-cad (red) and α-EhCP112 (green) antibodies, followed by labelled secondary antibodies. Nuclei (blue) were DAPI stained. Squares are magnified in the right panels, without DAPI signal. Arrowheads, cellular borders. Bar = 20 μm. (b) Quantification of fluorescence of red (E-cad) and green (EhCP112) fluorescence channels using DAPI staining as reference for the cell number 1978) and harvested during logarithmic growth phase. Madin Darby canine kidney (MDCK Type I; Cereijido et al., 1978) and human colorectal adenocarcinoma (Caco-2) epithelial cells were grown in DMEM medium (Gibco), supplemented with penicillin (100 IU/ml; in vitro), streptomycin (100 mg/ml; in vitro), 10% foetal bovine serum (Gibco) and insulin (0.08 U/ml; Eli Lilly), at 37°C and 5% CO 2 . All experiments reported here were performed 3 times by duplicate. 
| Obtaining of trophozoites and epithelial cell lysates
Trophozoites were washed with PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4) and lysed by freezethawing in the presence of 20 mM p-hydroxymercuribenzoate and 40 μg/ml of E-64 (García-Rivera et al., 1999) . MDCK and Caco-2 cells were washed with PBS, scraped with a rubber policeman and lysed in cold RIPA buffer-40 mM Tris-HCl pH 7.6, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.2% SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM
Complete™ protease inhibitor cocktail (Roche)-under continuous and vigorous shaking. Extracts were sonicated 3 times for 30 sec and centrifuged for 15 min at 25,000 xg to eliminate undissolved cellular debris (Betanzos et al., 2013) .
| Antibodies
The polyclonal antibody against EhCP112 (α-EhCP112) was obtained after three immunizations (each 2 weeks) of a New Zealand male rabbit with 300 μg of rEhCP112p diluted in TiterMax ® adjuvant (sigma). Before immunisation, the rabbit was bled to obtain preimmune serum (PS). Other primary antibodies used were mouse monoclonal and rabbit polyclonal antibodies against the EhCPADH complex-mEhCPADH (Arroyo & Orozco, 1987) and pEhCPADH (Rigothier et al., 1992) 
| Production of rEhCP112
To produce and activate rEhCP112 cysteine protease, we followed the 
| Protection and WB assays
Trophozoites (10 6 ) were incubated for 30 min at 4°C with 300 μg of mEhCPADH or α-EhVps32 antibodies or protease inhibitors (1 mM Complete™ protease inhibitor cocktail and 40 μg/ml of E-64). Then, trophozoites were incubated for 30 min at 37°C with confluent MDCK monolayers and cells were lysed after three washes with cold PBS.
For WB assays, protein samples were separated by 6%, 8%, 10%, or 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes and incubated 1 h with 5% non-fat milk. Then, membranes were incubated overnight (ON) with α-β-cat (1:3,000) or α-E-cad (1:5,000) or α-Dsp l/ll (1:500) or α-Dsg-2 (1:3,000) or α-Tub (1:3,000) antibodies. After washing, membranes were incubated for 1 h with the corresponding HRP-labelled secondary antibodies (1:10,000). Protein bands were visualised by chemiluminescence on MicroChemi (DNR Bio-Imaging Systems). Densitometry analysis was performed using tubulin as loading control and employing the ImageJ software.
| Immunoprecipitation experiments
MDCK cells incubated for 30 min with trophozoites extracts were lysed with RIPA/HO buffer (1:1 vol/vol); HO buffer was composed by 50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EGTA, 1.5 mM MgCl 2 , 10% glycerol, 1% Triton X-100, and 1 mM Complete™ protease inhibitor cocktail, and then, preparations were incubated for 20 min at 4°C
and immunoprecipitated using the rabbit pEhCPADH antibody, accordingly to Betanzos et al. (2013) . (50 μg in 300 μl of refolding buffer) or with trophozoites (10 6 cells in 300 μl) or with refolding buffer (300 μl). After 30 min, laparotomy was performed, a cannula was inserted through a small incision in the proximal colon and the colon was washed extensively with PBS. After this, using the same cannula, 1.5% Evans blue dye was administrated into the colon and mice were left at RT for 15 min (Bolanos et al., 2016) . For their analysis, colons were divided in proximal and distal regions, related to the dye inoculation site in the caecum. Colons were scrapped in the luminal side (Perreault & Beaulieu, 1996) and the epithelium layer resuspended in RIPA buffer with protease inhibitors
(1 mM PMSF and 1 mM Complete™ protease inhibitor cocktail) and treated as described (Citalan-Madrid et al., 2017). For other experiments, mice colons were placed in tissue-freezing medium (Leica Biosystems) and then in liquid nitrogen for 5 min and processed for immunofluorescence using rabbit anti-EhCP112 (1:100) and rat antiEcad (1:500). The integrated density fluorescence of red and green channels was quantified using the ImageJ software and cell were counted based on DAPI staining in 10 different fields of three Z-stack sections (0.5 μm) of independent experiments.
| Ethic statements
The 
| Statistical analysis
All data represent the mean ± standard error of three independent experiments by duplicate. GraphPad Prism 5 software was used for the student t test by two-tailed analyses.
